Abstract The expression and physiology of purine receptors of the human blood-brain barrier endothelial cells were characterised by application of molecular biological, genesilencing and Ca 2+ -imaging techniques to hCMEC/D3 cells. Reverse transcription polymerase chain reaction showed the expression of the G-protein-coupled receptors P2Y 2 -, P2Y 6 -, P2Y 11 -as well as the ionotropic P2X 4 -, P2X 5 -and P2X 7 -receptors. Fura-2 ratiometry revealed that adenosine triphosphate (ATP) or uridine triphosphate ( 
Introduction
The endothelial cells which line the microvasculature of the central nervous system (CNS) form a dynamic interface between the blood tissue and the brain parenchyma. They are responsible for the maintenance of ionic and metabolic homeostasis in the brain [1, 2] . They differ fundamentally from other endothelia by the presence of tight junctions which allow them to constitute the blood-brain barrier (BBB), a highly selective dam between the blood and the brain parenchyma [3] . To supply the brain with nutrients while maintaining the selective barrier function, the endothelial cells express active transport systems for ions and nutrients, such as glucose and amino acids, and transporters which are responsible for the removal of metabolic wastes from the brain parenchyma into the blood circulation. The transport across the BBB endothelial cells is controlled by inputs from the nervous tissue as well as the blood [4, 5] . These inputs reach the endothelial cells in form of neurotransmitters, hormones and cytokines which bind to specific receptors expressed at the plasma membrane of the endothelial cells [4, 6] . This functional interaction between the neurons, the glial cells, the endothelial cells and the blood tissue has established the concept of the neurovascular unit [2, 7] . This concept refers also to recent observations that pathophysiological processes, such as inflammation in the BBB, are associated with pathologies such as stroke or neurodegenerative diseases [8, 9] .
Purinergic signalling was identified as a very important signalling system for the normal function of the neurovascular unit [4] , where purine receptors participate in regulation of vasodilatation and are involved in inflammatory reactions [10] . On one side (abluminal), the purine receptors of the endothelial cells could be stimulated by a release of purines or pyrimidines like adenosine triphosphate (ATP) or uridine triphosphate (UTP) from astrocytes in response to stimulation by neurons [11, 12] . On the other (luminal) side, purine receptors of the endothelial cells could be stimulated by the agonists released from blood cells. Moreover, it was shown that pathophysiological conditions, such as inflammatory processes, could affect the ATP release at either side of the endothelial cells. This increase of ATP release could result in a pathological stimulation of the purinergic signalling of the BBB endothelial system [13, 14] .
The family of purine receptors are membrane-bound receptors for extracellular nucleosides (P1-receptors) or nucleotides such as ATP or UTP (P2-receptors). The P2-receptors are subdivided into P2X receptors which are ligandgated ion channels and G-protein-coupled P2Y receptors with seven transmembrane regions [15] [16] [17] . The binding of ATP to the ionotropic P2X receptors allows the flux of cations (mainly Na + and Ca
2+
) across the membrane. The different P2Y receptors are activated by di-or triphosphates of the nucleosides adenosine and uridine in varying orders of potency. The P2Y 1, 11, 12 and 13 receptors respond mainly to adenine nucleotides, the P2Y 2 and P2Y 4 receptors respond equally to adenine and uracil nucleotides, the P2Y 6 receptor subtype is predominantly sensitive to uracil nucleotides, while P2Y 14 is stimulated mainly by uridine diphosphate (UDP)-glucose [18] . The P2Y 1, 2, 4, 6 and 11 receptor subtypes are coupled to PLC via G q/11 proteins located at the intracellular side of the membrane, resulting in an IP 3 -mediated Ca 2+ release from internal stores. The P2Y 11 also mediates stimulation of adenylyl cyclase (AC) via G s protein. The P2Y 12, 13 and 14 subtypes are linked to AC inhibition via G i protein [18, 19] . The expression pattern of the purine receptors is species and cell characteristic and seems to be controlled by various physiological states of the tissue [20] . The expression of purine receptors was shown in primary cultivated rat BBB endothelial cells by Ca 2+ measurements. The Ca 2+ signalling was probably related to the stimulation of the P2Y 2 receptor and, to a minor extent, to the activation of the P2Y 1 receptor subtype. The P2Y 1 receptor-mediated Ca 2+ release was not related to the IP 3 cascade [21, 22] . Reverse transcription polymerase chain reaction (RT-PCR) experiments could identify mRNA for P2Y 1, 2, 4 and 6 [23] in primary rat BBB endothelial cells.
The goal of this report was to characterise the functional expression of the purine receptors in human BBB endothelial cells using hCMEC/D3, a human brain endothelial cell line which recapitulates most of the unique properties of brain endothelium with respect to the transport processes, permeability and pharmacology [24] . At the mRNA level, P2X 4, 5 and 7 as well as P2Y 2, 6 and 11 were identified. When stimulated, the cells responded with a Ca 2+ signal. Pharmacological and gene-silencing experiments showed that this Ca 2+ signal was exclusively related to the P2Y 2 receptor subtype.
Materials and methods

Chemicals
If not otherwise stated, all chemicals were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Cell culture
The human hCMEC/D3 cells were cultivated as previously described [24] . Briefly, we used EBM-2 medium (Lonza, Basel, Switzerland) supplemented with 5% foetal calf serum, 1.4 μM hydrocortisone, 5 μg/ml ascorbic acid, 10 mM HEPES, 1 ng/ml bFGF and chemically defined lipid concentrate (Invitrogen GmbH, Karlsruhe, Germany) diluted at 1:100. The cells were placed in a cell culture incubator in which a humidified atmosphere composed of 95% air and 5% CO 2 at 37°C was maintained. The culture medium was changed every 2-3 days. For experiments, hCMEC/D3 cells up to passage 37 were used.
For the calcium imaging, glass cover slips were coated with rat collagen-1 and placed in a 24 multiwell plate (150 μg/ml, Trevigen, Gaithersburg, USA). After washing with H 2 O, cells (6 × 10 5 cells/well) were added and cultivated in 1 ml culture medium as described above. The Ca 2+ -imaging experiments were performed 2-3 days after plating when the cells were about 75% confluent.
The intracellular Ca 2+ concentration was measured using the Fura-2 ratiometric method as previously described [25, 26] . This method allowed us an estimation of [Ca 2+ ] i in single cells but was not efficient for high-throughput experiments. Therefore, [Ca 2+ ] i was measured using the Fluo-4 AM dye (Invitrogen). A dye loading mixture was produced by the addition of 1 μl of a 2 mM Fluo-4 AM (Invitrogen) stock solution dissolved in dimethyl sulfoxide (DMSO), 1 μl of 20% pluronic acid F-127 (Invitrogen) dissolved in DMSO, and 500 μl of a bath solution composed of (in mM) 121 NaCl, 5 KCl, 6 NaHCO 3 , 5.5 glucose, 0.8 MgCl 2 , 1.8 CaCl 2 and 25 HEPES (pH 7.4). A cover slip covered with adherent cells was transferred into the loading mixture and incubated in a cell culture incubator at 37°C for 60 min. After loading, the cells were washed twice with fresh bath solution to remove external Fluo-4 AM. The dye-loaded cells were transferred into a superfusion chamber mounted on an inverted Nikon Eclipse TE2000-E confocal laser scanning microscope with a 10× objective (Nikon, Düsseldorf, Germany). The intracellular dye was excited with an argonion laser at 488 nm, and the emitted fluorescence was registered at 515 nm. For each experiment, 300 images were recorded at 1 Hz. The respective agonists were applied 10 s after the beginning of recording. The images were recorded and conserved using the software EZ-C1 3.50 (Nikon) for later analysis with the software Image J.
For evaluation of single experiments, we defined the measured cells as regions of interest (ROIs). The average intensity of the first ten images was generated using the zproject (http://rsbweb.nih.gov/ij/docs/menus/image. html#stacks). To this average image, an automatic adjustment of the brightness and contrast was applied (http:// rsbweb.nih.gov/ij/docs/menus/image.html#adjust) to generate an image where all Fluo-4-loaded cells could be easily recognised. Using the ROI Manager and the elliptical tool (http://rsbweb.nih.gov/ij/docs/menus/analyze.html#manager), up to 100 cells were randomly marked as ROI. To measure the fluorescence intensity of the cells, a multi-measurement was executed for the marked ROI in all 300 images of the respective experiments giving intensity values for each ROI in each image of the experiment. These data were imported in Excel (Microsoft) and Origin (OriginLab) for further calculation, evaluation and graphic representation of the fluorescence intensities. For each cell, the fluorescence intensities measured during the 300 s were normalised to the average of the intensities of the first 10 measured pictures prior the addition of the respective agonists. The results are given as average of at least three independent experiments. For each treatment, 200-300 cells were considered.
P2Y receptor screening
Total RNA from hCMEC/D3 cells (about 2 million cells) was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany). Genomic DNA was removed by digestion with RNase-free DNase (Fermentas, St. Leon-Rot, Germany) for 60 min at 37°C. First-strand cDNA synthesis of total RNA using the M-MLV RT (Invitrogen) was performed according to manufacturer's protocols with poly(dT)primer.
cDNA fragments of the various P2Y and P2X receptor subtypes were amplified using a set of self-designed sense and antisense primers (DNA-Star, http://www.dnastar.com) as reported in Table 1 . PCR experiments were run on a 96 Universal Gradient PeqStar Thermocycler (PeqLab, Erlangen, Germany) in a final volume of 25 μl containing 50 ng firststrand cDNA as template.
siRNA transfection and quantitative RT-PCR analysis
The human P2Y 2 and P2Y 6 Silencer Select Validated siRNAs for the gene silencing of the P2Y receptors were obtained from Applied Biosystems (Darmstadt, Germany). siRNA s9966 and s9967 for the human P2Y 2 receptor, as well as the siRNA s9972 and s224151 for the human P2Y 6 receptor subtype, were tested. The respective target sequences were: s9966 sense 5 -GCUUCAACGAGGAC UUCAAtt-3 and s9966 antisense 5 -UUGAAGUCCUCG UUGAAGCgg-3 ; s9967 sense 5 -UCUUCUACACCAAC CUUUAtt-3 and s9967 antisense 5 -UAAAGGUUGGU GUAGAAGAgg-3 ; s9972 sense 5 -CGUGUACACCC UAAACCUUtt-3 and s9972 antisense 5 -AAGGU UUAGGGUGUACACGgc-3 ; s224151 sense 5 -GAAGC UCACCAAAAACUAUtt-3 and s224151 antisense 5 -AUAGUUUUUGGUGAGCUUCtg-3 . As control, the Silencer Select Negative Control #2 (neg. siRNA) and the Silencer Select GAPDH siRNA were used.
For silencing the receptors, the hCMEC/D3 cells were transfected by reverse transfection with Lipofectamine 2000 (Invitrogen) in serum-free Opti-MEM medium (Invitrogen). The respective siRNAs were diluted in Opti-MEM medium to achieve a final concentration of 10 nM. The respective siRNA/Lipofectamine complexes were given in tissue culture dishes (Ø 35 mm; Sarstedt, Nümbrecht, Germany) and 2.5-4.0×10 5 cells in EBM-2 culture medium were plated. For control experiments, cells were cultivated in the presence of the transfection reagents without siRNA.
After 48 h, total RNA was isolated with the Qiagen RNeasy Mini Kit (Qiagen). Genomic DNA was removed by digestion with RNase-free DNase at 37°C and for 60 min according to the manufacturer's protocols (Fermentas). RNA (70 ng) was used in the quantitative RT-PCR amplification. Gene-specific PCR primer pairs for GAPDH, P2Y 2 , P2Y 6 and the housekeeping gene hACTB (Table 2) designed by Primer3, v 0.4.0 (http://frodo.wi.mit.edu/ primer3/) were used.
The PCR amplification was performed with the Quantace SensiMix SYBR One-Step Kit (Bioline, Luckenwalde, Germany). The amplification was performed in 44 cycles (15 s at 94°C, 15 s at 53°C and 15 s at 72°C). The PCR products were separated on 2% agarose gels and stained with GelRed (Biotium, Hayward, CA, USA).
The gene silencing of the P2Y receptors was quantified by the estimation of the 2 -ΔΔCT value as described by Schmittgen and Livak [27] and Baier et al. [28] . The P2RX2  F  GGGCCCCGAGAGCTCCATCATC  NM_012226  464  R  GCAGGCAGGTCCAGGTCACAGTCC  P2RX3  F  ACTGGCCGCTGCGTGAACTACA  NM_002559  522  R  CACGTCGAAGCGGATGCCAAAAG  P2RX4  F  CGGCACCCACAGCAACGGAGTCT  NM_002560  433  R  TGTATCGAGGCGGCGGAAGGAGTA  P2RX5  F  GGCCCCAAGAACCACTACTGC  NM_002561  430  R  CCTCGGCCTCCTGGGAACTGTCT  P2RX6  F  AGTTGGTGCCCCGTGGAGAGTGG  NM_005446  499  R  GTGTGACGGCCGTGGGGATGAG  P2RX7  F  CCGGCCACAACTACACCACGAG  NM_002562  446  R  GGCCAGACCGAAGTAGGAGAGG  P2RY1  F  GGGCCGGCTCAAAAAGAAGAATG  NM_002563  505  R  TCCCGCCAAGAAATAGAGAATG  P2RY2  F  GCCGTGGCGCTCTACATCTTCTTG  NM_002564  546  R  CGAGGTCCCGTAGGCTGGCTTTAG  P2RY4  F  TCGGCCTGAAGAGTTTGACCAC  NM_002565  412  R  GGGCTTGCCACCACCACAGA  P2RY6  F  CCGCCTGGTCCGCTTCCTCT  NM_004154  412  R  CTTGCCACGCCGCTCCTG  P2RY11  F  GCTGCCGGCTGGGTCCTG  NM_002566  427  R  CTGTGGCCTGGGCTATGTCTGC  P2RY12  F  CTGGGCATTCATGTTCTTACTCTC  NM_022788  509  R  AATTGGGGCACTTCAGCATACT  P2RY13  F  TTTGGTGGCCGACTTGATAATGAC  NM_176894  415  R  TTTGCCTTCCAGCTTTTTGTTGTT  P2RY14 F AGGGTCTCTGCCGTGCTCTT NM_014879 506 R GCTTCGGTCTGACTCTTTGTGTAG 11 and minimally detectable P2Y 6 as well as P2X 4 , P2X 5 and P2X 7 receptors in these cells (Fig. 1) . As for the P2Y 6 , original PCR experiments yielded a very weak band. However, the used primer pair was effective in detecting P2Y 6 mRNA in human umbilical vein endothelial cells (HUVEC, result not shown). The detected weak band was extracted from the gel and was used for a re-PCR using the same primers to confirm the PCR product by sequencing. This re-PCR product is given in Fig. 1 . It is worthy to note that the other purine receptor subtypes detected were also confirmed by sequencing.
To access the functionality of the receptors, we applied various purinergic agonists to the cells while following changes in the fluorescence intensity of Fluo-4 in the cells to detect changes in the intracellular concentration of free Ca 2+ ([Ca 2+ ] i ). The results revealed that either ATP or UTP induces an increase in the fluorescence intensity of Fluo-4-loaded cells. Application of 2.5 μM ATP or UTP induces a fourfold increase of the fluorescence intensity within 5 s relative to the initial intensity (Fig. 2a) . The rapid increase in the fluorescence intensity was followed by a decrease to the level of nonstimulated cells within 10 min. Fura-2 ratiometric experiments [25, 26] ] i increase by about 150 nM. In the following discussion, the agonist-related increase of the fluorescence intensity of Fluo-4-loaded cells also will be referred to as Ca 2+ signal. Higher ATP or UTP concentrations (25 μM) enhanced the stimulation of the induced increase in the fluorescence intensity of Fluo-4-loaded cells up to fivefold to sixfold (Fig. 2a) . Considering single cells, we defined a cell as stimulated if the fluorescence intensity measured in this particular cell was increased twofold over to the nonstimulated intensity. Interestingly, the total number of single cells which were stimulated by the agonists did not increase with ATP or UTP concentrations. With 2.5 and 25 μM ATP, 88.4% and 88.9% of the cells could be stimulated, respectively (Table 3) . A similar result was also obtained for UTP, which stimulated 90.1% and 93.3% of the cells at 2.5 and 25 μM, respectively ( Table 3 ). The reduction of the agonist concentration correlated with a reduction of the portion of stimulated cells (Fig. 2b) . We could estimate for each agonist a half stimulation concentration, which correlated to the agonist concentration at which 50% of the cells responded to the agonist. For both UTP and ATP, a half stimulation concentration of about 1.25 μM (Fig. 2b) was found.
The finding that UTP, an agonist which does not stimulate P2X receptors, could induce a Ca 2+ signal in the hCMEC/D3 cells indicates that the ATP or UTPrelated Ca 2+ signal was probably related to P2Y receptors. The following observations are also in agreement with this concept. (i) The ATP-or UTP-induced Ca 2+ signal was not affected by EGTA in the external bath solution (data not shown). (ii) The ATP-and UTP-related Ca 2+ signal was suppressed by the PLC inhibitor U73122 (2.5 μM) or by the IP 3 -receptor blocker 2-APB (100 μM; Fig. 2a) . (iii) The P2X-specific agonist αβ-meATP (500 or 1,000 μM) did not induce a remarkable Ca 2+ signal in the hCMEC/D3 cells (data not shown). Taken together, the results indicate that the purinergic stimulation of Ca 2+ signalling in the hCMEC/D3 cells acts via the G-protein-coupled P2Y Fig. 1 The different purine receptors expressed by the hCMEC-D3 cells as revealed by the RT-PCR. Expression of P2Y 2, 6 and 11 as well as P2X 4, 5 and 7 subtypes by hCMEC/D3 cells was confirmed by RT-PCR. The original band for P2Y 6 was almost undetectable. Another round of PCR was therefore performed following extraction of the original PCR band. The product of this re-PCR is visualised by agarose gel electrophoresis together with the original PCR products for the other purine receptor subtypes. The other P2X and P2Y receptor subtypes were not found receptor subtypes, which are highly sensitive to ATP and UTP.
Since we observed a possible expression of the G qprotein-coupled receptors P2Y 2 and P2Y 6 as well as P2Y 11 , we tested whether more specific agonists for P2Y 6 
The fluorescence images of Fluo-4-loaded cells were taken every second for 300 s. After measuring the fluorescence intensity of the nonstimulated cells during the first 10 s, the respective agonists were added at indicated concentrations while the fluorescence images were continuously monitored. For evaluation, the images were analysed using Image J software (see main text). Each cell was defined as a region of interest and the fluorescence intensity of each individual cell evaluated. The fluorescence intensity registered in each cell for the first 10 s was average, and the fluorescence intensity measured at each second in each cell was normalised to the respective averaged value. A cell was considered as stimulated if the fluorescence intensity of this cell was increased by at least twofold above the average value after addition of the agonist. Three independent experiments were performed, and at least 200 single cells were measured for each treatment. -: Not tested by BzATP (100 μM; Fig. 2a (Fig. 3 ). At single-cell level, UTPγS stimulated 95% of the cells at 1 μM. Since the cells did not express P2Y 4 , the result shows the importance of the P2Y 2 receptor in these cells. Additionally, we analysed whether MRS2578 or NF340 (Biozol), the respective specific inhibitor of P2Y 6 and P2Y 11 [30] [31] [32] [33] [34] , could affect Ca 2+ signals induced by UDP or BzATP. We observed that neither MRS2578 (1 μM) nor NF340 (1 μM) reduced the Ca 2+ signals induced by UDP or BzATP (Fig. 3) . Taken together, these findings indicate that the P2Y 2 receptor is the main purine receptor related to the Ca 2+ signalling in hMEC/D3 cells.
P2Y 2 receptor siRNA suppresses the purinergic signalling in the hCMEC/D3 cell line Based on the RT-PCR and our physiological results, we assumed that the P2Y 2 receptor subtype is the most important subtype of the G-protein-coupled purine receptor family in these cells. In further studies, we induced gene silencing of the P2Y 2 receptor using specific siRNA. The amount of the P2Y 2 receptor mRNA was reduced by about 98% at 48 h after transfection of the cells with P2Y 2 receptor siRNA (s9967) as revealed by quantitative RT-PCR (Fig. 4) . At the functional level, the reduction of the P2Y 2 receptor mRNA correlated with a reduction of the cell sensitivity toward UTP (2.5 μM). UTP (2.5 μM) induced an increase in the fluorescence intensity in cells transfected with siRNA against the P2Y 2 mRNA by only 1.5-fold compared to a fourfold increase in fluorescence of cells transfected with nonspecific siRNA (Fig. 5 ). At single-cell level and again considering single cells as stimulated if the agonist induced an increase in the fluorescence of Fluo-4-loaded cells by at least twofold, we found that only 25.4% of cells transfected with P2Y 2 siRNA were stimulated by UTP (2.5 μM). In comparison, 86.1% of the cells, which were transfected with nonspecific siRNA, were stimulated by UTP application (Table 3) . Interestingly, the sensitivity of the cells to the agonists UDP (100 μM) or ATPγS (2.5 μM) and BzATP (100 μM) of the P2Y 6 or P2Y 11 receptor subtypes was completely abolished in cells transfected with P2Y 2 siRNA ( Fig. 5 ; Table 3 ). Furthermore, we observed that, after silencing the P2Y 6 receptor subtype using P2Y 6 siRNA, the cells could still react to stimulation with UDP ( Fig. 5 ) despite an 83.7% reduction of the P2Y 6 mRNA (Fig. 4) . The results indicate that the P2Y 6 receptor is not involved in the nucleotide-mediated Ca 2+ signal. (Fig. 1 ) the signal is related to P2Y 2 receptors. Additionally, MRS2578 or NF340 the specific inhibitors of P2Y 6 and P2Y 11 respectively did not affect the UDP or the BzATP induced Ca 2+ signal in hCMEC/D3 cells Fig. 4 The gene silencing of P2Y 2 and P2Y 6 receptor using specific siRNAs was estimated by quantitative RT-PCR experiments. Relative to negative siRNA, the P2Y 2 siRNA (s9967) and the P2Y 6 siRNA (s224151) reduced the mRNA for the receptors by 98% and 83.7%, respectively. The data were normalised to the housekeeping gene hACTB
Discussion
Endothelial cells express different purine receptors that are involved in the regulation of various pathological processes such as inflammation [13] . In the BBB, recent results demonstrate the importance of purine receptors in the regulation of vasodilatation, inflammatory processes in stroke-related injury and other CNS inflammatory diseases [8] [9] [10] 13] . In the present report, we used the hCMEC/D3 cell line, an in vitro model of human cerebral microvascular endothelial cells [24] , to determine the expression and the physiology of purine receptors involved in the BBB. The hCMEC/D3 cell line is characterised by the presence of the nuclear SV40-T antigen and a high expression level of nuclear and perinuclear hTERT protein [24] . It is known that the immortalised cells expressing hTERT protein maintain a stable genotype and retain critical phenotypic markers [35, 36] . Accordingly, the hCMEC/D3 cells have a stable diploid karyotype [24] . We cannot completely exclude that the immortalisation process affects the cells; however, the hCMEC/D3 cells have phenotypical and physiological similarities with microvascular endothelial cells that allow an analysis of the BBB endothelial cell physiology [37] .
At the mRNA level, RT-PCR revealed that the hCMEC/ D3 cells express the G-protein-coupled P2Y-receptor subtypes P2Y 2 , P2Y 11 and minimally detectable P2Y 6 as well as the ionotropic P2X 4 , P2X 5 and P2X 7 receptors (Fig. 1) . Other purine receptor subtypes could not be found although the used primers were able to detect the other receptor subtypes in other human cell lines. For G-protein-coupled receptors, the P2Y 1 and P2Y 6 used primers were able to detect the corresponding receptor mRNAs in HUVEC (data not shown). As for the P2Y 4 receptor, a primer pair was also used that had been shown to recognise this receptor [38] but failed to detect the P2Y 4 receptor in hCMEC/D3 cells. The results suggest that the purine receptor subtypes that were not detected were not expressed in the hCMEC/ D3 cells. Data from a variety of studies have shown that the expression pattern of purine receptors may be cell-typespecific [39] . The expression of P2Y 2, 6 and 11 as well as P2X 4, 5 and 7 seems to be a BBB endothelial cell-specific profile since a slightly different expression pattern of purine receptors was observed in HUVEC [40] .
We performed physiological experiments to address the contribution of each receptor subtype to the physiology of the endothelial BBB cells. We found that the stimulation of hCMEC/D3 cells with ATP (2.5 or 25 μM) induces an increase in [Ca 2+ ] i (Fig. 2a) . Analysing other purinergic agonists, we found that UTP could also elicit the Ca 2+ signal in the cells. The portion of stimulated cells was related to the applied agonist concentration. At 0.1 μM, ATP or UTP stimulated about 3% of the cells. The amount of stimulated cells increased with increasing agonist concentration to achieve a maximum of about 95% of the cells at about 10 μM. A half maximal stimulation concentration of 1.25 μM was found for both ATP and UTP (Fig. 2b) . Considering whether a single cell react or not, it can be assumed that ATP and UTP stimulate the cells with a similar efficiency. However, we observed that UTP induced a Ca 2+ signal more robust than that induced by ATP (Fig. 2a) . The reason of the increased efficiency of UTP compared to ATP is probably related to the nucleotide binding site of the receptors. It is known that the P2Y 2 receptor subtype suited better UTP than ATP [41] .
The UTP-mediated Ca 2+ signal could be suppressed by the PLC inhibitor U73122 or the IP 3 receptor blocker 2-APB (Fig. 2a) . The results indicate that the purinergic stimulation of the Ca 2+ signalling was related to stimulation of the G q -protein-coupled receptor subtypes P2Y 2 and P2Y 6 ,which activate the IP 3 signalling cascade [17, 42] , as well as to stimulation of the P2Y 11 receptor, which activates G q as well as G s protein [18, 19, 42] (Fig. 3) . Since the cells did not express P2Y 4 (Fig. 1) , the UTPγS induced Ca 2+ can only be related to P2Y 2 receptors. (ii) MRS2578 and NF340, the specific antagonists for P2Y 6 and P2Y 11 , respectively, [30] [31] [32] [33] [34] did not affect the UDP-or BzATP-induced Ca 2+ signals (Fig. 3) . To gain more evidences for this possibility, we applied siRNA technology to silence P2Y 2 receptors achieving a reduction in P2Y 2 mRNA within 48 h by 98% (Fig. 4) . This mRNA silencing correlated with a reduction in the percentage of cells which could be stimulated by 2.5 μM UTP from~86.1% to 25.4% (Table 3) . Furthermore, gene silencing of the P2Y 2 mRNA completely suppressed induction of a Ca 2+ signal in the hCMEC/D3 cells by UDP, ATPγS or BzATP (Fig. 5) . We propose therefore that the Ca 2+ signal observed after purinergic stimulation is exclusively related to stimulation of the P2Y 2 receptor subtype and not due to other receptors such as P2Y 6 . This proposition is consistent with the observation that silencing of the P2Y 6 receptor with specific P2Y 6 siRNA did not suppress the UDP-mediated Ca 2+ signal in the cells (Fig. 5) .
Ca 2+ -imaging experiments have shown that primary cultures of BBB endothelial cells from rats express mainly P2Y 2 receptors [21, 22] . From our molecular biological and physiological experiments, we can postulate that the human system is similar to the rat system where the purinergic stimulation of the Ca 2+ signalling is only related to P2Y 2 receptor subtype [21, 22] . The PCR experiments showed expression of P2Y 11 receptor in hCMEC/D3 (Fig. 1) . However, both physiological and gene-silencing experiments showed that P2Y 11 was not involved in nucleotidemediated Ca 2+ signalling. It was shown that ATP could induce cAMP synthesis in rat BBB endothelial cells by a nonidentified mechanism [21, 23] . Since P2Y 11 is coupled to G s protein, it is tempting to speculate that the P2Y 11 receptor could be a regulator of cAMP production in endothelial cells of the BBB. The role of the P2X receptor subtypes in the physiology of the endothelial cells of the BBB is also not clear. So far, we have shown that these receptors are not involved in Ca 2+ signalling. As ionotropic receptors, the detected P2X 4, 5 and 7 may be involved in regulation of the membrane potential of the cells. Further combined electrophysiological and molecular biological experiments should clarify this issue in the future.
Conclusion
In this report, we analysed the expression of the purine receptors in the human BBB endothelial cell line hCMEC/D3. The receptor subtypes P2Y 2 , P2Y 6 and P2Y 11 as well as P2X 4 , P2X 5 and P2X 7 are expressed at the mRNA level. At functional levels, we found that purinergic stimulation of the hCMEC/D3 cells induced Ca 2+ signalling only by the P2Y 2 receptor which activated Ca 2+ release from intracellular stores. This exclusively P2Y 2 -dependent signalling was also identified in primary cultivated rat BBB endothelial cells. Our results show that at a physiological level human BBB endothelial cells express a purine receptor system similar to that of the rat. Furthermore, it is shown that the hCMEC/D3 cell line is a suitable model for in vitro analysis of further purinergic signalling cascades in the human BBB and for nucleotide-mediated interactions in the neurovascular unit.
